Biosorption of lanthanum (III) and cerium (III) from aqueous solution by tangerine (Citrus reticulate) peel has been investigated in a batch system as a function of pH, biosorbent dosage, contact time, and temperature. The equilibrium pH was found to severely affect the biosorption performance; pH 5.0 was found to be an optimum pH for favorable biosorption of La (III) and Ce (III). The biosorption of lanthanum and cerium was investigated by the Langmuir, Freundlich and Dubinin-Radushkevich (D-R) isotherm models. Maximum biosorption uptakes, according to the Langmuir model, were obtained as 154.86 and 162.79 (mg/g) for La(III) and Ce(III), respectively. The biosorption kinetic was tested with pseudo-first order and pseudo-second order models. The results showed that the kinetics of the biosorption process were described by the pseudo-second order model very well. Thermodynamic parameters including the change of Gibbs free energy (ΔG°), enthalpy change (ΔH°) and entropy change (ΔS°) for both sorption systems were determined at four different temperatures. The results showed that the biosorption of La(III) and Ce(III) on tangerine (C. reticulate) peel is a spontaneous and endothermic process. FTIR analysis demonstrated that carboxyl and hydroxyl groups were involved in the biosorption of the metal ions.
alloys, and special ceramics and in organic synthesis [4] . Cerium, as the most abundant and one of the members of the group, has some well-established uses that are quite different from the others. However, high purity is usually required for the its utilization industry, where it is used, for example, for sulfur control in steels, ceramic, catalyst support, pyrophoric alloys, publishing powders, etc. Cerium is accompanied by other rare earth elements in its minerals, as well as in spent nuclear fuel [5] . The environmental behavior of REEs has attracted great interest in environmental impact assessment of disposed long-lived radioactive waste.
Different methods have been employed to eliminate lanthanides from aqueous solution, such as chemical precipitation, ion exchange, membrane filtration, coagulation and flocculation, electrochemical treatment, and solvent extraction [6] . However, these processes have some disadvantages, such as high consumption of reagent and energy, low selectivity, high operational cost, and difficult further treatment due to generation of toxic sludge [7] . Biosorption is a relatively new process that has been confirmed as a very promising process in the removal of heavy metal contaminates. The major advantages of biosorption are its high effectiveness in reducing the heavy metals and radionuclide's ions and the use of inexpensive biosorbents. The utilization of agro-wastes as adsorbents is currently receiving wide attention because of their abundant availability and low-cost owing to relatively high fixed carbon content and presence of porous structure [8, 9] . One of the important agricultural wastes is peel of different fruits, which can serve as potential adsorbents for the removal of diverse types of pollutants especially metal ions. Different types of fruit peels have been investigated so far for wastewater treatment [10, 11] . Adsorption of heavy metal ions on fruit peels has been extensively studied; however, the investigation on the adsorption of lanthanides on fruit peels is still scarce.
The tangerine fruit is cultivated on a large scale in the north of Iran and it has an agronomic importance because the fruits are widely used in nature or in a processed form as concentrated juice. The tangerine peel is one of the pectin-rich fruit wastes whose basic composition is lignin, hemicelluloses, cellulose, and principally pectin, containing hydroxyl and carboxyl functions, which are promptly available to interact with cations [12, 13] . The study is further unique as there is no existing report for the removal of any lanthanide elements by tangerine peel.
In this study, the use of tangerine (C. reticulate) peel as a biosorbent has been tested for removing lanthanum and cerium ions from aqueous solution. The effects of solution pH, biosorbent dosage, contact time, and temperature have been investigated by batch method. The biosorption isotherms and kinetics have also been analyzed to reveal the adsorption mechanisms.
MATERIALS AND METHODS

Biosorbent preparation
Tangerine fruits were purchased from a local market. The white peel waste was removed from the yellow coating. The peels were then cut into small pieces and extensively washed with double distilled water to remove extraneous materials. The fruit peels were then dried at 75-80 °C in a convection oven until they reached a constant weight, which was accomplished after 24 h. The dried material was then ground and sieved to obtain a particle size lower than 355 μm.
Chemicals
Lanthanum and cerium stock solutions (1000 mg/L) were prepared separately from La(NO 3 ) 3 ⋅6H 2 O and Ce(NO 3 ) 3 ⋅6H 2 O (supplied by Merck) in double distilled water. The working solutions were prepared by diluting the stock solutions to appropriate volumes. All reagents used were of analytical reagent grade.
Batch experiments
The adsorption of lanthanum and cerium on tangerine peel was studied using the batch procedure. All experiments were carried out in triplicate and the mean value was used in all cases. For each experimental run, 100 mL aqueous solution of known concentration of La(III) and Ce(III) was taken in polyethylene round-bottom flasks containing determined amount of the tangerine peel. These flasks were agitated at a constant rate of 200 rpm in a temperature controlled shaker (Memmert waterbath WNE 7-45, Germany). In order to evaluate the influence of pH parameter on the biosorption, the experiments were carried out at different pH values between 2.0 and 6.0 by using a Metrohm 691 pH meter. The pH was adjusted using 0.1 M HNO 3 
where c f is the final metal ion concentration.
The distribution coefficient (K D ) of metal ions between the aqueous phase and the solid phase can be obtained using:
where V/m is the ratio of the volume of metal solution 
Theory
Equilibrium isotherm models Equilibrium data, which are generally known as the adsorption isotherms, are the main requirements to understand the adsorption mechanism. Three common adsorption isotherm models, Langmuir, Freundlich and Dubinin-Radushkevich (D-R) models, are used to evaluate the adsorption data obtained in this study. The Langmuir isotherm considers the adsorbent surface as homogenous with identical sites in terms of energy [14] . The Langmuir equation is given by:
where q m (mg/g) and K L (L/mg) are the Langmuir constants related to monolayer capacity and energy of adsorption, respectively. The shape of the isotherm can be considered when predicting whether an adsorption system is favorable or unfavorable. The essential characteristic of a Langmuir isotherm can be expressed in terms of dimensionless separation factor or equilibrium parameter R L , which is defined as: 
where K F (mg 1-n L n /g) represents the adsorption capacity when adsorbate equilibrium concentration equals to 1, and n represents the degree of adsorption dependence at equilibrium concentration.
Another equation that is used to determine the possible biosorption mechanism is the Dubinin-Radushkevich (D-R) equation, which assumes a constant sorption potential. The non-linear form of D-R isotherm equation [16] is: where q max is the D-R monolayer capacity (mmol/g), β a constant related to adsorption energy, and ε is the Polanyi potential which is related to the equilibrium concentration as follows:
where R is the gas constant (8.314 J/mol K) and T is the temperature (K). The constant β gives the mean free energy, E, of sorption per molecule of sorbate when it is transferred to the surface of the solid from infinity in the solution and can be calculated using the following equation:
Kinetic parameters of adsorption
To study the kinetics of biosorption of La(III) and Ce(III) by tangerine (C. reticulate) peel, two of the main models proposed in the literature have been selected to adjust the experimental obtained results and to determine the kinetic parameters.
Pseudo-first order equation
The pseudo-first order equation is generally expressed as follows [17] :
where q e and q t are the sorption capacity at equilibrium and at any time, t, respectively, in mg/g, and is the pseudo-first order rate constant, in min -1 . After integrating and applying the boundary conditions, for q t =0 at t=0 and q t =q t at t=t, the equation becomes:
Pseudo-second order equation
Pseudo-first order kinetics model is expressed by the following equation [18] :
where k 2 is the pseudo-second order rate constant, in g/mg⋅min.
Integrating this equation for the boundary conditions gives: 
RESULTS AND DISCUSSION
Effect of pH
The pH value of the aqueous solution has been identified as the most important variable governing the metal ions adsorption on the adsorbent. This is partly because hydrogen ions themselves strongly compete with metal ions for adsorption sites. Figure 1 demonstrates the effect of pH on the removal of La(III) and Ce(III) onto tangerine (C. reticulate) peel from aqueous solutions. The biosorption of La (III) and Ce(III) on the biosorbent is determined at different pH values ranging from 2 to 6. Lanthanum and cerium biosorption at pH higher than 6.0 is not considered because a precipitation occurred in the solution, indicates the hydrolysis of the metal ion with the formation of the corresponding insoluble hydroxide [4] . It can be seen from this figure that the adsorption capacity is low at strong acidic conditions. The previous works had demonstrated that the carboxyl groups present in the biomass have a very important role in the metal biosorption, being responsible for around 90% of metal immobilization in the process [19] . The sorption equilibrium is dependent on the pH because it affects the dissociation of carboxyl groups, since the pK a of carboxylic groups ranges from 3.8 to 5.0 [20] . The extent of the carboxyl dissociation is higher, as the value of pH increases, producing more free sites for lanthanum and cerium biosorption [21] . The maximum biosorption uptake for La(III) and Ce(III) ions occurred at pH 5.0. Therefore, the pH 5.0 is selected for further experiments. 
Effect of biosorbent dosage
The effect of biosorbent dosage on the removal of La(III) and Ce(III) is shown in Figure 2 . It is observed that the removal efficiency increases with an increase in the biosorbent dosage. The increase in the percentage removal with increase in the biosorbent dosage is due to the increase in the number of adsorption sites. This figure indicates that the biosorption percentage becomes almost constant at 2 g/L for both metal ions. Therefore, the optimum tangerine (C. reticulate) peel dosage is selected as 2 g/L and this is used for all further experiments. 
Effect of contact time
The contact time is one of the most important parameters for successful usage of the biosorption in practical and rapid sorption application [22, 23] . Figure  3 shows the effect of the contact time on the biosorption of La(III) and Ce(III) ions onto tangerine (C. reticulate) peel. It can be seen that the percent removal rapidly increases with increase in the contact time up to 60 min. The rapid biosorption rate at the beginning of biosorption process may be explained by an increase in the number of active metal-binding sites on the biosorbent surface, which would result in an increased concentration gradient sorbate in the solution and on the biomass surface. After an increase in the contact time, the occupation of the remaining vacant sites would be difficult due to the repulsive forces between La(III) and Ce(III) ions on the solid and the liquid phases. The optimum contact time is selected as 60 min for further experiments.
Biosorption isotherm models
The Langmuir, Freundlich, and D-R isotherm plots for Ce(III) and La(III) are given in Figures 4 (Table 2 ). This table
shows that the capacity of tangerine (C. reticulate) peel for lanthanum and cerium is higher than most of the adsorbents reported in the literature.
Biosorption kinetics Figures 6 and 7 show the agreement between experimental data with calculated values using Eqs. (7) and (9) for Ce(III) and La(III) ions, respectively. The values of rate constant are presented in Table 3 along with correlation coefficient and AARE values. The comparison of the pseudo-first and second order kinetic models indicates that the sorption can be well defined by pseudo-second-order kinetics than pseudo-first-order kinetics for the biosorption of both metal ions onto tangerine (C. reticulate) peel.
Biosorption thermodynamics
Based on Eq. (9), the ΔH° and ΔS° parameters were calculated from the slope and intercept of a van't Hoff plot of ln K D vs. 1/T yields, respectively ( Figure   8 ). The values of Gibbs free energy change were cal- Scanning electron microscope (SEM) analysis of biosorbent
The scanning electron micrographs enable the direct observation of the surface microstructures of different adsorbents. The SEM image of unloaded and loaded biosorbent (Figure 9 ) reveals that the biosorbent has some cavities in its structure. Based on this fact, it could be concluded that the biosorbent presented an adequate morphology for metal adsorption. The micrograph clearly shows the presence of particles over the surface of loaded biosorbent absent in fresh biosorbent.
FTIR analysis of biosorbent
The pattern of biosorption onto plant materials is attributable to active groups and bonds present on them [33] . The FTIR spectrum of tangerine peel are plotted to determine the vibration frequency changes in the functional groups in the biosorbent. The FTIR spectrum of tangerine (C. reticulate) peel is shown in Figure 10 . The spectra display a number of absorption peaks, indicating the complex nature of the examined biosorbent. The broad and intense absorption peak around 3424 cm -1 indicates the existence of free and intermolecular bonded hydroxyl groups. The O−H stretching vibrations occur within a broad range of frequencies indicating the [presence of "free" hydroxyl groups and bonded O−H bands of carboxylic acids. The peaks observed at 2930 cm -1 can be assigned to stretching vibration of C−H group. The carbonyl band (C═O) of un-ionized carboxylate stretching carboxylic acid or pectin ester is located at 1750 cm -1 , while the bands peak at 1651 and 1443 cm -1 may be attributed to asymmetric and symmetric stretching vibration of C═O groups. The strong C−O band at 1064 cm -1 due to −OCH 3 group, also confirms the presence of lignin structure in tangerine peel [34] . The additional peak at 625 cm -1 can be assigned to bending modes of aromatic compounds. It is well indicated from the FTIR spectrum of tangerine peel that carboxyl and hydroxyl groups are present in abundance. The sorption of lanthanum and cerium on the tangerine peel biomass may likely due to the electrostatic attraction between these groups and cationic metal molecule. At pH above 4, the carboxylic are deprotonated and negatively charged carboxylate ligands bind the positively charged metal molecules. This confirms that the sorption of La(III) and Ce(III) is an ion exchange mechanism between the negatively charged groups present in the cell wall of tangerine (C. reticulate) peel and the cationic metal molecules.
CONCLUSIONS
In this study, the use of tangerine (C. reticulate) peel as a natural biosorbent was tested for La(III) and Ce(III) ions from aqueous solution. The batch study parameters, pH of solution, biosorbent dosage, contact time, and temperature were found to be effective on biosorption efficiency of La(III) and Ce(III). From the Langmuir model the maximum biosorption capacity were found to be 154.86 and 162.79 mg/g for La(III) and Ce(III), respectively. The mean free energy evaluated from the D-R model indicated the biosorption of La(III) and Ce(III) onto tangerine (C. reticulate) peel was taken place by chemical ion-exchange. The kinetic studies showed that the biosorption process followed well the pseudo-second order kinetic model. The calculated thermodynamic parameters showed the feasibility, endothermic and spontaneous nature of the biosorption of La(III) and Ce(III) onto tangerine (C. reticulate) peel. FTIR analysis showed that the main functional sites taking part in the sorption of La(III) and Ce(III) included carboxyl and hydroxyl groups. The results of this study showed that tangerine (C. reticulate) peel can be used as an alternative biosorbent for the treatment wastewater containing La(III) and Ce(III) ions because of advantages of being natural, low-cost biomass and having high biosorption capacity, and reasonably rapid biosorption rate. 
